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Abstract
We have investigated how birds avoid mid-air collisions during head-on encounters. Trajec-
tories of birds flying towards each other in a tunnel were recorded using high speed video
cameras. Analysis and modelling of the data suggest two simple strategies for collision
avoidance: (a) each bird veers to its right and (b) each bird changes its altitude relative to
the other bird according to a preset preference. Both strategies suggest simple rules by
which collisions can be avoided in head-on encounters by two agents, be they animals or
machines. The findings are potentially applicable to the design of guidance algorithms for
automated collision avoidance on aircraft.
Introduction
With the ever increasing density of air-traffic and operations pushing for the use of unmanned
aircraft, there is a pressing need for developing robust automatic sense and avoid solutions for
both manned and unmanned aircraft [1, 2]. In order to assist with the development of these
solutions, it is useful to investigate behaviours in animals that could potentially be applicable to
aircraft. Birds have taken to the sky 150 million years ago [3] and insects 350 million years ago
[4], and are likely to have evolved robust solutions for collision avoidance. While insects are rel-
atively low in mass and possess an exoskeleton that provides a layer of protection, a bird is
heavier, flies at faster speeds, and its structure is more fragile. Birds, therefore, must have been
under strong evolutionary pressure to establish basic rules and strategies to minimize the risk of
collision in advance. Surprisingly, very little is known about collision avoidance in birds. Past
studies have focused on obstacle avoidance or passage through narrow apertures [5, 6] or avoid-
ance of mates in a flock [7], but no studies have looked specifically at what happens when two
birds fly towards each other. The purpose of the present study is to evaluate birds’ general abili-
ties and strategies for collision avoidance. In a series of experiments, we released pairs of birds
from opposite sides of a flight tunnel to look for general strategies that they might use to mini-
mize the risk of collisions. We pose the potential behaviours of interest as propositions or
hypotheses in a Bayesian framework to compute the predictive probability of these propositions
[8] to arrive at robust conclusions about the collision-avoidance strategies used by the birds.
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Materials and Methods
Ethics Statement
All the experiments in this study have been conducted in accordance with the Australian Law
on the Protection and Welfare of Laboratory Animals and with the approval of the Animal
Experimentation Ethics Committee of the University of Queensland, Brisbane, Australia.
Experimental Setup
The experiments were conducted in a purpose-built bird-flight tunnel (height: 2.40m, width:
1.40m length 21.6m; See Fig 1).
The walls of the tunnel were white, the floor was a light grey, The ceiling was white, and car-
ried florescent lights that provided flicker-free (4000 Hz) illumination. To ensure that the birds
could see each other clearly, we avoided the use of any potentially distracting visual patterns on
the floor or the walls. Under these conditions, the birds were found to fly and orient normally,
without any apparent difficulty.
A group of ten male budgerigars—Melopsittacus undulatus—were trained to fly along the
tunnel. All flights were recorded using two synchronized high-speed video cameras (Motion
Pro) at 120 frames per second. One camera was positioned with its optical axis aligned with the
longitudinal axis of the tunnel, and the other camera was mounted on the ceiling with its opti-
cal axis tilted downwards at an angle.
Fig 1. Side elevation (A) and plan (B) view of flight tunnel.Red and blue dashed lines indicate the fields of view of the respective cameras. Note: figure
is not to scale.
doi:10.1371/journal.pone.0162435.g001
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Two birds were released from the opposite ends of the tunnel, at an initial separation of
either 5 m or 10 m from each other. Two distances were used in order to examine whether
there were differences in behavior based on the time the birds had to react to the presence of
the other bird. Prior to the experiments, the birds were flown only singly in the tunnel and had
therefore never previously experienced the situation of encountering another bird in the tun-
nel. However, the birds were familiar with the tunnel. Each pair was chosen at random and was
tested up to 10 times, for both initial distances. The starting positions were interchanged after
each trial. While the birds were generally willing to fly against each other, some pairs of birds
proved to be difficult, which is the reason why, fewer than 10 flights were recorded in some
cases. Over the course of 4 days, we tested a total of 7 pairs, consisting of 10 individual birds,
and recorded a total of 102 flights. No collisions were observed in the entire study.
Analysis of Behaviour
After recording, the video from each camera view was evaluated by visual inspection, looking
specifically at the time window when the birds passed each other. From this, we scored and
evaluated independently the following behaviours defined with respect to the bird that com-
mences the flight on the left-hand side of the tunnel as depicted in Fig 1 (we term this the refer-
ence bird):
1. Minimum relative distance was scored as specified in Table 1;
2. Tendency of the reference bird to veer to the right while passing the other bird;
3. Tendency of the reference bird to pass either above or below the other bird;
In some of the experiments, it was not possible to evaluate behaviours b (tendency of the ref-
erence bird to veer to the right while passing the other bird) and c (tendency of the reference
bird to pass either above or below the other bird) reliably, because of the birds’ proximity. In
some cases, birds flew at the same height, avoiding collisions by moving to the side. In other
cases, birds flew through the center of the tunnel, but at different heights. In such experiments,
observers were asked to score only the behaviour that could be assessed unambiguously. To
avoid observer bias, the data was scored independently by two observers. Observer 1 did not
know how observer 2 scored a certain behavior, and vice versa. The two observers provided
scores that were strongly consistent. All scored behaviours were tested and compared using a
two-sample t-test to test for differences in the behaviour between the releases from 10m and 5m.
Testing Propositions About Behaviours
In order to gain knowledge about the behaviours observed during impending collisions, a natu-
ral approach is to pose behaviours as propositions (or hypotheses) Hi–something that can
either be true or false–and form a judgement about their likely truth or falsity by computing
Table 1. Behaviours and proximity scores.
Behaviour Proximity Score
Very close encounter (near miss) 1
Close encounter 2
Medium separation encounter 3
Large separation encounter 4
The scores are subjective and not related to the dimensions of the birds or their wing span.
doi:10.1371/journal.pone.0162435.t001
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their probabilities conditional on all the evidence at hand [8]. That is, we can use these proba-
bilities to describe our state of knowledge about a proposition based on our current
information.
In particular, we consider the following propositions related to behaviours for each bird
(j = 1, 2, . . ., NB) in our experiments:
• Hjk1 = {the reference bird j has a preference to veer towards the right when encountering bird
k};
• Hjk2 = {the reference bird j has a preference to increase or decrease its altitude when encoun-
tering bird k}.
Note that the choice of ‘right’ in proposition Hjk1 is arbitrary; it could have been the other way
around, and this does not affect the results or conclusions. If we consider the data D and the
background information Bijk then we can compute the predictive probabilities P(Hi|D, Bijk),
i = 1, 2. Bijk speciﬁes that we are considering the hypothesis i = 1, 2 for the jk-bird pair. Our
Bayesian approach to the analysis of binary choice data, summarised brieﬂy here and described
in detail in S1 Supplementary Methods, is a powerful way of extracting statistically meaningful
information from a restricted data set [8–10].
Results and Discussion
In an initial analysis, we were able to exclude any effects of release distance (See Table 2). None
of the behaviors scored in the study were significantly affected by distance (all scored behaviors;
two-tailed-t-test p> 0.05). Specifically, the proximity score was independent of release dis-
tance, with birds released at 10m displaying an average Proximity score of 3.12±0.65 and birds
released at 5m an average Proximity score of 3.3±0.74 (Two Sample T-test p = 0.41). This sug-
gests that the time the birds had when they were released at a separation of 5 m was still suffi-
cient for detection and evasive action. Assuming that both birds flew at a speed of 6 ms−1, on
average, based on data from preliminary tracking analysis, this means that birds had roughly
0.42s to detect each other and initiate avoidance maneuvers. This is consistent with findings in
obstacle avoidance tasks, where changes in behaviour can be observed when the bird is already
relatively close to the object, usually in the range of approximately 0.25s (1.5m) [5, 6].
As a result of this initial analysis we will, for the remainder of the study, pool the two data
sets and consider them as one. A comprehensive summary of all of the results, for each pair of
birds and each reference bird is given in S1A Table. A generally observed behavior, immedi-
ately evident from the data in Table 1, was an overall tendency for the birds to pass each other
on the left—i.e. each bird moved to its right to avoid a collision. Fig 2 shows an example of the
Table 2. Summary of Behavioural Observations.
Dist. Pairs Trials A S B L C R Proximity score
5m 7 54 20 8 26 7 15 32 3.12
10m 5 48 20 10 18 4 12 32 3.37
p 0.48 0.13 0.93 0.83 0.78 0.22 0.41
This table provides the data from the two sets of experiments, representing releases at initial separations of 5m and 10m. Shown are the number of Pairs, the
number of Trials for each experimental condition, the respective scores for the reference-bird’s preference to ﬂy either above (A), at the same height (S) or
below (B) the other bird, the scores for the reference-bird preference to move to the left (L), ﬂy along the center (C) or ﬂy to the right (R), as well as the
average proximity score. Finally, the table also provides p-values for the two-sample T-test comparison of all scored behaviours for the two different release
distances.
doi:10.1371/journal.pone.0162435.t002
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posterior distribution and the predictive probabilities for Hypothesis 1, based on tests con-
ducted on the reference bird called ‘Four’ when encountering the bird called ‘Milkyway’. From
these results, we conjecture, that for this pair, ‘Four’ shows a preference to fly to the right of
‘Milkyway’. These computations are based on 20 head-on encounters. Details of the analysis
are given in S1 Supplementary Methods.
A detailed analysis supported these initial observations (See Table 3), with 6 of the 7 pairs
displaying probabilities in favor of the theory that birds pass each other on the left, by moving
to the right (overall predicted probability P(H1|D, B1jk) = 0.84).
Summary of the observations and respective scores for each of the 7 Pairs of Birds (Bird 1
and Bird 2), the number of Trials for each pairs, the respective scores for the reference bird’s
preference to move to the left L, fly along the center C or fly to the right R, and the predicted
probability P(H1|D, B1jk) for the preference of the reference bird in a given pair to move to the
right.
These results are interesting because we know, from general observations as well as other
studies (unpublished data) that budgerigars also show a tendency to fly to the right of the mid-
Fig 2. Posterior distribution of veering probability. Figure shows the computed probability distribution p(θ|D, B1jk) of the
reference bird ‘Four’ veering to the right when encountering ‘Milkyway’. The red dashed line indicates the mean of the posterior
distribution, i.e. the predicted probability PðHjk1 jDÞ.
doi:10.1371/journal.pone.0162435.g002
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line when flying alone. However, other studies in budgerigars have shown that the biases dis-
played by these birds vary strongly from individual to individual and are also highly dependent
on the task at hand [11, 12]. So far, in the context of short range guidance maneuvers, a consis-
tent bias across all individuals has been observed only in a task in which the birds are required
to choose between two landing perches, one to the left and the other to the right of their flight
direction. Here the birds display a significant preference for the right-hand perch, at the level
of the population [11].
Collision avoidance studies in bees suggest that bees, unlike budgerigars, show a bias to
move towards the left to avoid collisions (unpublished data). In the context of collision avoid-
ance in head-on encounters, the need for a bias that is consistent across all individuals is obvi-
ously of paramount importance—random biases across individuals would not be favorable, as
they would lead to collisions in half of the encounters, on average. The presence of a bias is in
line with general theories about biases in behaviors arising as a consequence of relegating the
control of different tasks to different hemispheres of the brain, where in the case of the budgeri-
gar the left eye and right hemisphere could be responsible for collision avoidance, allowing the
right eye and left hemisphere to focus on other tasks such as flight maintenance and speed con-
trol [13].
Another observation was that birds would rarely fly at the same height, allowing passage to
occur at different heights, thus decreasing the risk of collision during passage even further.
This raised the question whether individual birds had a specific preference to fly higher or
lower. Fig 3 shows an example of the posterior distribution and the predictive probability for
Hypothesis 2, based on tests conducted on the reference bird called ‘Four’ when encountering
the bird called ‘Milkyway’. From these results, we conjecture that for this pair, ‘Four’ shows a
preference to fly below ‘Milkyway’. These computations are based on 20 head-on encounters.
Details of the computations are given in S1 Supplementary Methods.
In an analysis similar to that described above we found clear evidence for the hypothesis
that individual birds displayed a preference to pass the other bird by either flying above or
below the other bird (averaged predicted probability in favor of the hypothesis was P(H2|D,
B2jk) = 0.79, See Table 4).
Summary of the observations and respective scores for each of the 7 Pairs of Birds (Bird 1
and Bird 2), the number of Trials for each pair, the respective scores for the reference bird’s
preference to fly above A, at the same height as the other bird S or below B the other bird, and
the predicted probability P(H2|D, B1jk) for the reference bird’s preference in a given pair to fly
above or below the other bird.
While it is relatively straightforward to ensure that all birds maintain a consistent left or
right bias (as all birds only need to have the same bias), solving the issue of which bird has to
fly higher and which bird has to fly lower is rather difficult.
Table 3. Preference of the reference bird to move to the left or the right.
Bird 1 Bird 2 Trials L C R P(H1|D, B1jk)
Blackhole Nemo 9 7 1 1 0.20
Drongo Four 3 0 1 2 0.75
Drongo Three 19 0 4 15 0.94
One Two 19 0 0 19 0.95
Four Milkyway 20 3 7 10 0.73
Nemo Three 19 0 8 11 0.92
Rama Titan 13 1 6 6 0.78
Sum 102 11 27 64 Avg. 0.84
doi:10.1371/journal.pone.0162435.t003
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One possible solution could have been that birds flying along a specific compass direction
would always fly on top of the other bird, and birds flying in the opposite direction would
always fly below. This should be feasible, at least in principle, as many birds are likely to possess
a magnetic compass [14]. Thus we can define an additional hypothesis:
H3 ¼ fflight direction affects the avoidance behaviour:g ð1Þ
However, all budgerigars were ﬂown in both directions in the experiments, and the behavior of
each individual was independent of the ﬂight direction. The predicted probability for a prefer-
ence to ﬂy on top when ﬂying eastbound—The tunnel was oriented roughly in the east-west
direction—was P(H3|D) = 0.52. Therefore we can reject the hypothesis that the direction of
ﬂight in the tunnel inﬂuences avoidance behaviours.
This leaves two other possible solutions. One possible solution is that individual budgerigars
have a preference to fly at specific heights. Another possible solution is that when two
Fig 3. Posterior distribution of probability to change altitude. Figure shows the computed probability distribution p(θ|D, B2jk) of the
reference bird ‘Four’ switching to a lower altitude when encountering ‘Milkyway’. The red dashed line indicates the mean of the
posterior distribution, i.e. the predicted probability PðHjk2 jDÞ.
doi:10.1371/journal.pone.0162435.g003
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budgerigars fly toward each other, their positions in the group hierarchy determine which indi-
vidual moves up and which moves down. While the latter cannot be excluded based on the cur-
rent data, we know from observational experience that individual birds do prefer to fly at
specific heights even when flying alone in the tunnel. This said, further studies are needed to
confirm whether group hierarchy influences collision-avoidance behaviours.
The finding of the right-veering bias across most of the individuals in our tested population
is consistent with game-theoretical analyses that point out the benefits of a population—level
bias, and predict its presence in animals living in groups (social animals) [15]. Budgerigars are
clearly social animals, moving in flocks that can contain up to a hundred birds, and occasion-
ally a few thousand [16].
Conclusion
We have designed and conducted experiments to investigate how birds avoid mid-air collisions
in head-on encounters. We have posed hypotheses about avoidance behaviours and used the
experimental data to assess their truth or falsity.
Our analysis reveals that birds exhibit a preference to veer to the right, and maintain a pre-
ferred altitude to avoid collisions in head-on encounters. We also find that collision avoidance
behavior does not depend upon the direction of flight, thus ruling out the possible involvement
of an internal compass.
These strategies suggest simple rules by which collisions can be avoided in head-on encoun-
ters by two agents, be they animals or machines. Firstly, each agent needs to have a consistent
preference to move to one side. This can either be to the left or the right, but it has to be consis-
tent across all agents. Secondly, if height maneuvers are also involved, they need to be estab-
lished either a priori, or implemented in real time in an impromptu fashion. This can be
achieved in various ways. One approach would be to arrange all flying agents in the sky in a
hierarchical order by assigning a number to each agent to decide which agent moves higher
and which moves lower during a head-on encounter. (For example, the rule could be that
higher ranked agent loses height while the lower ranked agent gains height.). A universal hier-
archy is, of course, not easy to implement and enforce, and there is a need for the two agents to
exchange information about their hierarchies before the requisite height changes can be
orchestrated. This communication will require a finite time and increase the risk of a collision.
Another strategy would be to arrange for each agent to move randomly up or down, indepen-
dently of the other agent. This will reduce the risk of collision in half of the encounters, on aver-
age, but if it is combined with the strategy of veering in the horizontal plane, it will serve to
increase the separation in half of the encounters. However, a strategy in which the increase or
decrease of height is determined by the direction of flight would be a robust and reliable
Table 4. Preference of the reference bird to fly above or below the other bird.
Bird 1 Bird 2 Trials A S B P(H2|D, B2jk)
Blackhole Nemo 9 5 2 2 0.67
Drongo Four 3 2 1 0 0.75
Drongo Three 19 16 2 1 0.89
One Two 19 3 5 11 0.75
Four Milkyway 20 2 2 16 0.85
Nemo Three 19 0 3 16 0.94
Rama Titan 13 3 3 7 0.67
Sum 102 31 18 53 Avg. 0.79
doi:10.1371/journal.pone.0162435.t004
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solution that would not require the establishment of a hierarchy or communication between
the agents. While we cannot say how birds solve the problem of switching to different altitudes,
our findings suggest a number of simple strategies that can be implemented in autopilot sys-
tems and unmanned aerial vehicles to prevent head-on collisions.
Supporting Information
S1 Supplementary Methods. Computation of Predictive Probabilities.
(PDF)
S1 Table. Detailed Behavioral Observations.
(PDF)
Acknowledgments
We would like to thank Hong Diem Vo and Marcel Schumacher for their assistance in con-
ducting the experiments. This work was co-funded by Australian Research Council and Boeing
Research & Technology Australia through a Linkage Project Grant (LP 130100483), and an
ARC Distinguished Outstanding Researcher Award (DP 140100914).
Author Contributions
Conceptualization: IS TP MVS.
Data curation: IS TP.
Formal analysis: IS TP.
Funding acquisition: TP MVS.
Investigation: IS TP MVS.
Methodology: IS TP MVS.
Project administration: TP MVS.
Resources:MVS.
Software: IS TP.
Supervision: TPMVS.
Validation: IS TP.
Visualization: IS TP.
Writing – original draft: IS TP.
Writing – review & editing: IS TP MVS.
References
1. Dalamagkidis K, Valavanis KP, Piegl LA. On integrating unmanned aircraft systems into the national
airspace system: issues, challenges, operational restrictions, certification, and recommendations. vol.
54. Springer Science & Business Media; 2011.
2. Angelov P. Sense and avoid in UAS: research and applications. JohnWiley & Sons; 2012.
3. Padian K, Chiappe LM. The origin and early evolution of birds. Biological Reviews of the Cambridge
Philosophical Society. 1998; 73(01):1–42.
Mid-Air Collision Avoidance in Budgerigars
PLOS ONE | DOI:10.1371/journal.pone.0162435 September 28, 2016 9 / 10
4. Yanoviak SP, Kaspari M, Dudley R. Gliding hexapods and the origins of insect aerial behaviour. Biology
letters. 2009; 5(4):510–512. doi: 10.1098/rsbl.2009.0029 PMID: 19324632
5. Lin HT, Ros IG, Biewener AA. Through the eyes of a bird: modelling visually guided obstacle flight. J
Roy Soc Interface. 2014; 11(96):20140239. doi: 10.1098/rsif.2014.0239
6. Schiffner I, Vo HD, Bhagavatula PS, Srinivasan MV. Minding the gap: in-flight body awareness in birds.
Front Zool. 2014; 11(1):64. doi: 10.1186/s12983-014-0064-y
7. Hildenbrandt H, Carere C, Hemelrijk CK. Self-organized aerial displays of thousands of starlings: a
model. Behavioral Ecology. 2010; 21(6):1349–1359. doi: 10.1093/beheco/arq149
8. Jaynes ET. Probability Theory, The Logic of Science. Cambridge University Press; 2003.
9. Jaynes ET. Where DoWe Stand on Maximum Entropy? (1978). In: Rosenkrantz RD, editor. E. T.
Jaynes: Papers on Probability, Statistics and Statistical Physics. vol. 158 of Synthese Library. Springer
Netherlands; 1989. p. 210–314.
10. Gregory P. Bayesian Logical Data Analysis. Cambridge University Press; 2005.
11. Schiffner I, Srinivasan MV. Behavioural Lateralization in Budgerigars Varies with the Task and the Indi-
vidual. PLoS ONE. 2013; 8(12):e82670. doi: 10.1371/journal.pone.0082670 PMID: 24324820
12. Bhagavatula PS, Claudianos C, Ibbotson MR, Srinivasan MV. Behavioral Lateralization and Optimal
Route Choice in Flying Budgerigars. PLoS computational biology. 2014; 10(3):e1003473–e1003473.
doi: 10.1371/journal.pcbi.1003473 PMID: 24603285
13. Vallortigara G, Rogers LJ. Survival with an asymmetrical brain: advantages and disadvantages of cere-
bral lateralization. Behavioral and brain sciences. 2005; 28(4):575–588. doi: 10.1017/
S0140525X05000105 PMID: 16209828
14. Wiltschko R, WiltschkoW. Sensing magnetic directions in birds: radical pair processes involving crypto-
chrome. Biosensors. 2014; 4(3):221–242. doi: 10.3390/bios4030221 PMID: 25587420
15. Ghirlanda S, Vallortigara G. The evolution of brain lateralization: a game-theoretical analysis of popula-
tion structure. Proceedings of the Royal Society of London-B. 2004; 271(1541):853–858. doi: 10.1098/
rspb.2003.2669
16. Wyndham E. Diurnal cycle, behaviour and social organization of the budgerigar Melopsittacus undula-
tus. Emu. 1980; 80(1):25–33. doi: 10.1071/MU9800025
Mid-Air Collision Avoidance in Budgerigars
PLOS ONE | DOI:10.1371/journal.pone.0162435 September 28, 2016 10 / 10
